Objective: To evaluate the effects of boceprevir (BOC) and telaprevir (TVR) on the pharmacokinetics (PK) of maraviroc (MVC) in healthy volunteers.
INTRODUCTION
Maraviroc (MVC) is a first-in-class selective chemokine coreceptor type-5 (CCR5) antagonist indicated for the treatment of CCR5-tropic (R5) HIV-1 infection in both treatment-naive and treatment-experienced patients in the United States, 1 and in treatment-experienced patients in the European Union. 2 MVC is primarily metabolized by hepatic cytochrome P450 (CYP) 3A enzymes, with negligible metabolic activity for other CYP enzymes and is also a substrate for the efflux transport P-glycoprotein (P-gp). 3 MVC exposures have been shown to increase significantly when coadministered with potent CYP3A/P-gp inhibitors. 3 As such, the recommended MVC dose in the presence of potent CYP3A/P-gp inhibitors is 150 mg twice daily (BID). 1, 2 Patients with HIV-1 infection are disproportionately affected by viral hepatitis, specifically hepatitis C virus (HCV), which can lead to life-threatening complications. 4 Approximately 25% of HIV-infected patients in the United States and Europe are coinfected with HCV, accounting for .75% of liver-related deaths in HIV-infected patients. 5 Boceprevir (BOC) and telaprevir (TVR) are newly approved HCV protease inhibitors indicated (in combination with pegylated interferon alpha and ribavirin) for the treatment of genotype 1 chronic HCV in adult patients with compensated liver disease. [6] [7] [8] [9] BOC is a potent inhibitor of CYP3A, and TVR is also a potent inhibitor of CYP3A and an inhibitor of P-gp [6] [7] [8] [9] ; however, some unexpected drug interactions with HIV protease inhibitors have led to recommendations against the coadministration of BOC with darunavir/ritonavir, atazanavir/ritonavir, lopinavir/ritonavir, and fosamprenavir/ritonavir, and against the coadministration of TVR with darunavir/ ritonavir, lopinavir/ritonavir, and fosamprenavir/ritonavir. [6] [7] [8] [9] Given the limited treatment options for HIV-1 and HCV coinfected patients, it is therefore important to investigate potential drug interactions of BOC and TVR with MVC. This study was conducted to estimate the effect of BOC 800 mg 3 times daily (TID) and TVR 750 mg TID on the pharmacokinetics (PK) of MVC, and to describe the PK of BOC and TVR when dosed in combination with MVC 150 mg BID. The safety and tolerability of MVC in combination with BOC and TVR was also assessed.
METHODS

Study Population
Eligible volunteers were healthy adults (aged 18-55 years) who had a body mass index of 17.5-30.5 kg/m 2 , and a body weight of more than 50 kg. Volunteers who had used prescription or nonprescription drugs or dietary supplements within 7 days or 5 half-lives (whichever was longer) before the start of study treatment were not permitted to take part in the study. Volunteers who had used herbal supplements or hormonal methods of contraception within 28 days (6 months for Depo-Provera) were also not permitted to take part in the study. Volunteers with positive results for HIV-1, HIV-2, hepatitis B serology (hepatitis B surface antigen, hepatitis B core antibody), or anti-HCV serology (as determined by multi-antigen enzyme immunoassay), or who had a history of hypersensitivity to the study drugs, were excluded.
Study Design and Treatment
This was an open-label, fixed-sequence, phase I study (NCT01597895) conducted at a single site (Pfizer Clinical Research Unit, Brussels, Belgium). After a screening visit within 28 days before the start of treatment, volunteers received MVC 150 mg BID (every 12 hours) for 5 days (treatment period 1), followed by MVC 150 mg BID plus BOC 800 mg TID (every 8 hours) for 10 days (treatment period 2), then MVC 150 mg BID plus TVR 750 mg TID (every 8 hours) for 10 days (treatment period 3), with a $10-day wash-out between periods 2 and 3 ( Fig. 1) .
Study treatment was administered with 240 mL water at ambient temperature 30 minutes after a standard fat meal/ snack (approximately 20 g fat and $500 calories). On PK assessment days (day 5 of treatment period 1 and day 10 of treatment periods 2 and 3), volunteers ate a standardized breakfast containing approximately 20 g fat and 800-1000 calories and received only a single (morning) dose of MVC, as well as only the morning and afternoon doses of BOC and TVR. Study personnel conducted mouth checks to ensure treatment compliance. To standardize conditions on PK sampling days, all volunteers were required to refrain from lying down [except when required for vital signs and electrocardiogram (ECG) assessments] and eating and drinking beverages other than water during the first 4 hours after dosing.
Volunteers could be discontinued from the study at any time at their own request, or on the grounds of safety concerns, behavioral reasons, or inability to comply with the study activity or procedures, at the investigators' discretion.
This study was conducted in compliance with the Declaration of Helsinki and Good Clinical Practice Guidelines established by the International Conference on Harmonization. The final protocol, amendments, and informed consent documentation were reviewed and approved by the study center institutional review board. All volunteers provided written, informed consent before participating in any study procedures.
Pharmacokinetic Assessment
Blood samples for MVC PK analysis were collected predose and at 0.5, 1, 2, 3, 4, 6, 8, 10, and 12 hours postdose on day 5 of treatment period 1 (MVC) and on day 10 of treatment periods 2 (MVC and BOC) and 3 (MVC and TVR). Blood samples for BOC and TVR PK analysis were collected predose and at 0.5, 1, 2, 3, 4, 6, and 8 hours postdose on day 10 of treatment periods 2 and 3, respectively. Samples of 4 mL were taken to provide a minimum volume of 1.5 mL plasma for PK analysis and were transferred into appropriately labeled tubes containing sodium heparin (MVC), dipotassium ethylenediaminetetra-acetic acid (K 2 EDTA) (BOC), or tripotassium ethylenediaminetetra-acetic acid (K 3 EDTA) (TVR). All samples were centrifuged at approximately 1700 g for approximately 10 minutes at 4°C. For MVC and BOC, plasma was extracted and stored in appropriately labeled screw-capped polypropylene tubes at approximately 220°C (MVC) or 270°C (BOC) within 1 hour of collection. Plasma extraction for TVR followed the same process, although after centrifugation approximately 1 mL plasma was transferred to an appropriately labeled screw-capped polypropylene tube containing 0.05 mL of 10% formic acid, before mixing thoroughly and being stored at approximately 270°C. Formic acid solution was added to plasma to allow for accurate quantification of TVR by preventing TVR epimerization.
Plasma samples were analyzed for MVC (Tandem Labs, West Trenton, NJ), 10 and for BOC and TVR (Covance Bioanalytical Services, Shanghai, China), using a solid-phase extraction and a validated high-performance liquid chromatography/dual mass spectrometry assay.
Noncompartmental analyses were performed using standard methods with eNCA version 2.2 (Pfizer, Inc, New York, NY). Area under the plasma concentration-time curve (AUC) from predose (0 hours) to 12 hours (AUC 12 ; MVC) or 8 hours postdose (AUC 8 ; BOC and TVR) was determined by the linear/log trapezoidal method, whereas plasma concentration at 12 hours (C 12 ; MVC) or 8 hours postdose (C 8 ; BOC and TVR), maximum plasma concentration (C max ), and time to C max (T max ) were determined by direct observation.
Safety and Tolerability
All observed and volunteered adverse events (AEs) were recorded and assessed by the investigator for severity and relationship to study treatment. Additional safety assessments included standard hematology, urinalysis, and chemistry laboratory assessments, physical examinations, vital signs (blood pressure and pulse) measurements, and ECGs. Orthostatic hypotension, a concentration-dependent AE observed with MVC, 11 was defined as a decrease of $20 mm Hg for systolic blood pressure or $10 mm Hg for diastolic blood pressure 2 minutes after standing from a supine position, and may have been symptomatic or asymptomatic.
Sample Size
A minimum sample size of 12 volunteers was required to provide 90% confidence intervals (CIs) for the difference between treatments on the natural logarithmic scale of 60.1536 for MVC AUC 12 , 60.2745 for MVC C max , and 60.1493 for MVC C 12 , with 80% coverage probability. To allow for any volunteers who might not complete the study, 14 volunteers were enrolled.
Construction of 90% CIs was chosen based on FDA Guidance "Statistical Approaches to Establishing Bioequivalence." 12 Because of the nature of normal-theory construction of 90% CIs, this corresponds to performing 2 one-sided tests hypothesis at the 5% level of significance.
Statistical Analysis
Natural log-transformed AUC 12 , C max , and C 12 for MVC were analyzed using a mixed effect model with treatment as fixed effect and subject as a random effect. MVC alone was the reference treatment, and MVC plus BOC and MVC plus TVR were the test treatments. Estimates of the adjusted mean differences (Test-Reference) and corresponding 90% CIs were obtained from the model. The adjusted mean differences and 90% CIs for the differences were exponentiated to provide estimates of the ratio of adjusted geometric means (Test/Reference) and 90% CIs for the ratios.
BOC and TVR PK data were summarized descriptively and compared with mean historical minimum plasma concentrations (C min ) data (102 ng/mL and 1802 ng/mL, respectively).
1,13-16 BOC and TVR data were determined to be comparable with the historical data if the mean C 8 for both agents fell within the 50% range of their historical C min values: 51-204 ng/mL for BOC and 901-3604 ng/mL for TVR, based on simulations. Safety data were summarized descriptively.
RESULTS
Study Population
A total of 14 volunteers were enrolled and treated. All 14 completed treatment periods 1 and 2, but 1 volunteer withdrew during the wash-out period (between periods 2 and 3) because of an AE (severe asthmatic crisis) that was not considered to be related to treatment, and thus did not participate in treatment period 3.
All volunteers were men with a mean age (SD) of 33.3 years. The majority (n = 12/14, 85.7%) were white with the remaining 2 volunteers (14.3%) being of other races (one of Hispanic ethnicity and one of Asian ancestry). Volunteers had a mean (SD) weight of 79.3 (11.4) kg and body mass index of 24.4 (2.8) kg/m 2 .
Bioanalytical Summary
Calibration standard responses were linear over the range of 0.5-500 ng/mL for MVC, 25-2500 ng/mL for BOC, and 50-5000 ng/mL for TVR. The between-day assay accuracy, expressed as percent relative error for quality-control concentrations in the low, medium, and high-diluted quality control samples ranged from 4.6%-7.3% for MVC, 25.2%-3.7% for BOC, and 20.6%-0.8% for TVR. Assay precision, expressed as the between-day percent coefficient of variation (%CV) of the mean estimated concentrations of qualitycontrol samples, was #7.4% for the low (1.5 ng/mL), medium (50 and 150 ng/mL), high (375 ng/mL), and diluted (375 ng/mL) concentrations of MVC. Assay precision (%CV) for BOC was #5.6% for the low (75 ng/mL), medium (250 ng/mL), high (1800 ng/mL), and diluted (12,500 ng/mL) concentrations, and for TVR was #3.8% for the low (150 ng/mL), medium (500 ng/mL), high (3600 ng/mL), and diluted (25,000 ng/mL) concentrations.
Plasma MVC PK
MVC plasma exposure (based on AUC 12 and C max ) was increased by approximately 3-fold in the presence of BOC, and by approximately 8-to 9-fold in the presence of TVR (Table 1 ; Fig. 2 ). MVC C 12 values were approximately 3-fold higher for MVC plus BOC (66.1 ng/mL), and approximately 10-fold higher for MVC plus TVR (235.5 ng/mL), when compared with MVC alone (23.8 ng/mL).
Intersubject variability for MVC, as measured by the geometric %CV for AUC 12 , C max , and C 12 was 24%-36% when MVC was coadministered with either BOC or TVR (Table 1) .
C max was achieved within a median T max of 2.0 (range, 1.0-6.0) hours when MVC was administered alone, 2.0 (range, 0.5-3.0) hours when MVC was administered with BOC, and 3.0 (range, 2.0-4.0) hours when MVC was given with TVR.
Plasma BOC and TVR PK
When coadministered with MVC, BOC and TVR exposures were consistent with historical data (Table 2) , indicating that MVC had no notable impact on the PK profile of BOC and TVR.
MVC alone (43%), and the majority of AEs were considered to be treatment-related (Table 3 ). The most common treatment-related AEs occurring during treatment with MVC alone, MVC plus BOC, and MVC plus TVR, respectively, were headache, dysgeusia, and fatigue, as summarized in Table 3 . No events of postural hypotension or dizziness were reported in this study.
All AEs were mild to moderate in severity, with the exception of a severe event of asthmatic crisis following the completion of treatment period 2 (MVC plus BOC), which led to the discontinuation of 1 volunteer. This AE was not considered to be related to treatment but related to a pre-existing and undisclosed history of asthma. The event lasted 8 hours and resolved with treatment given.
There were no deaths, serious AEs, temporary discontinuations, or dose reductions because of AEs in this study. No clinically significant changes in laboratory parameters, vital signs, or ECGs were reported.
DISCUSSION
A significant proportion of HIV-infected individuals are coinfected with HCV and consequently are at increased risk for severe liver disease. 5 As liver fibrogenesis may be caused by stimulation of CCR5 receptors, MVC, a CCR5 antagonist, may have a beneficial effect on liver fibrosis. There is, therefore, increasing interest in using MVC as part of treatment regimens for HIV/HCV coinfected patients. Preliminary data from investigators from the University of Brescia (Italy) demonstrated a significant improvement in liver stiffness in 54 patients over 24 weeks when MVC 150 mg BID was added to antiretroviral regimens compared with existing regimens alone (P = 0.03). 17 Furthermore, an ongoing study (NCT01327547) is primarily evaluating the safety of MVC in 120 HIV/HCV coinfected patients, as well as assessing the potential antifibrotic activity of MVC as a secondary objective.
BOC and TVR are newly approved HCV protease inhibitors that have been shown to cause significant drug interactions. As such, many HIV protease inhibitors are not recommended to be coadministered with either BOC or TVR, thus limiting treatment options in HIV/HCV coinfected patients. [6] [7] [8] [9] The study reported in this article was designed to investigate the effect of coadministration of BOC 800 mg BID and TVR 750 mg TID on the PK of MVC 150 mg BID, and to describe the PK of BOC and TVR when dosed in combination with MVC. Our results confirm that, when TVR seemed to have a greater impact on MVC plasma exposure than BOC, as indicated by an 8-to 9-fold increase in both mean MVC AUC 12 and C max values after coadministration compared with a 3-fold increase with BOC. The greater increase in MVC exposures observed with TVR was expected, as TVR has been shown to increase the AUC of midazolam (a probe substrate for CYP3A) by 796% as compared with 430% with BOC after oral coadministration of midazolam and an increase in the AUC of digoxin (a probe for P-gp) by 85% as compared with 19% with BOC. 6, 8 Furthermore, a potential mechanism for the magnitude of this interaction observed with TVR may be interplay between inhibition of CYP3A/P-gp and organic ion transporter 1B1 (OATP1B1) by TVR, 8 as MVC has been shown to be a substrate for OATP1B1. 18, 19 In vitro data suggest that TVR is a more potent inhibitor of OATP1B1 with an IC 50 of 2.2 mM compared with an IC 50 of 18 mM for BOC. 20, 21 Additionally, inhibition of OATP1B1 is more likely to occur in vivo with TVR given that the unbound C max /OATP1B1 IC 50 ratio for TVR is 0.95, whereas the ratio for BOC is only 0.04. 20, 21 The combination of CYP3A/OATP1B1 inhibition by TVR was most likely also observed in a study where TVR was coadministered with atorvastatin, a substrate for both CYP3A and OATP1B1. 8, 9 In this study, TVR increased the AUC of atorvastatin 7.88-fold whereas in a similar study, BOC only increased the exposure of atorvastatin 2.30-fold. [6] [7] [8] [9] The magnitude of the MVC interaction with TVR is also consistent with that observed in a previous drug interaction study where MVC was dosed in combination with saquinavir/ritonavir (SQV/r), where MVC exposures were increased 9.77-fold.
1,2 To date, TVR and SQV/r are the only 2 agents shown to increase the geometric mean MVC AUC greater than 5-fold. Similarly to TVR, SQV/r is a potent inhibitor of CYP3A (increases midazolam AUC 11.4-fold), an inhibitor of P-gp (increases digoxin AUC by 49%) and an inhibitor of OATP1B1 (IC 50 = 2.1 mM).
22,23
In the present study, MVC average concentrations (C avg ), when dosed at 150 mg BID in the presence of TVR and BOC, were 474 ng/mL and 151 ng/mL, respectively. The exposures seen in this study are within the exposure range observed in phase III clinical studies evaluating the efficacy and safety of MVC in patients with CCR5-topic HIV-1 24 and are at or above the C avg exposure at which near maximal virologic efficacy is achieved with MVC ($75-100 ng/mL). 25, 26 These findings suggest that MVC should be dosed at 150 mg BID when coadministered with either BOC or TVR, consistent with current dose recommendations for MVC when dosed in combination with other potent CYP3A inhibitors.
1,2 However, as regulatory discussions are pending, we would suggest that prescribers should refer to your local prescribing information for MVC dosing recommendations with BOC and TVR in their region.
As with most drug-drug interaction studies, healthy volunteers, rather than patients, were enrolled in this study. MVC is primarily metabolized by the liver and therefore exposures have the potential to be higher in HIV/HCV coinfected patients with hepatic impairment, as hepatic damage and disease may affect CYP enzyme activity. [27] [28] [29] [30] [31] [32] A study conducted in HIV-negative subjects with hepatic impairment demonstrated that MVC exposures in subjects with mild (Child-Pugh class A) and moderate (Child-Pugh class B) hepatic impairment had a geometric mean 25% (mild) and 46% (moderate) greater AUC last and a 11% (mild) and 32% (moderate) greater C max relative to subjects with normal hepatic function 33 after a single dose of MVC 300 mg. As such, patients with moderate hepatic impairment receiving MVC with potent CYP3A inhibitors, such as BOC, should be monitored closely.
1,2 Currently, TVR is not recommended to be dosed in patients with moderate and severe hepatic impairment. 8, 9 No exposure data are available for MVC in severe hepatic impairment, thus no recommendation in this population can be given at this time.
In this study, MVC did not seem to cause clinically significant changes in concentrations of either BOC or TVR as the mean PK exposures of BOC (AUC 8 5404 ng$h/mL; C 8 80.7 ng/mL) and TVR (AUC 8 21980 ng$h/mL; C 8 1943 ng/mL) after MVC coadministration were consistent with those previously reported when BOC (AUC 8 4601-7070 ng$h/mL; C 8 88.5-111 ng/mL) and TVR (AUC 8 18157-22300 ng$h/mL; C 8 1505-2030 ng/mL) were dosed alone. 1, [13] [14] [15] [16] These findings suggest that no dose adjustment for BOC or TVR is warranted when coadministered with MVC.
Finally, MVC coadministered with BOC or TVR was generally well tolerated among the small population of healthy volunteers in this study. Although AE incidence was higher during combination treatment, the majority of AEs were mild or moderate in severity, and there were no serious AEs, discontinuations because of treatment-related AEs, or deaths during the study. The most frequently experienced AEs were dysgeusia and pruritus for the MVC plus BOC combination, and headache and fatigue for the MVC plus TVR combination. Fatigue, dysgeusia, and pruritus seemed to be unique to the coadministration of MVC plus BOC or MVC plus TPV and were consistent with previous findings for BOC or TPV alone. [6] [7] [8] [9] No postural hypotension or dizziness was reported in this study despite the significant increases in MVC exposures when coadministered with BOC or TVR.
CONCLUSIONS
In summary, MVC exposure was increased in the presence of BOC or TVR. These findings are consistent with evidence that both BOC and TVR are potent inhibitors of CYP3A, and support dosing of MVC at 150 mg BID when coadministered with either BOC or TVR. When coadministered with MVC, BOC and TVR exposures were consistent with historical BOC and TVR monotherapy data; therefore, no dose adjustment for BOC or TVR is warranted with MVC. MVC coadministered with BOC or TVR was generally well tolerated with no unexpected safety findings.
